Genes belonging to the piwi family are required for stem cell self-renewal in diverse organisms. We cloned mouse homologues of piwi by RT-PCR using degenerative primers. The deduced amino acid sequences of mouse homologues MIWI and MILI showed that each contains a well-conserved C-terminal PIWI domain and that each shares significant homology with PIWI and their human counterparts HIWI. Both miwi and mili were found in germ cells of adult testis by in situ hybridization, suggesting that these genes may function in spermatogenesis. Furthermore, mili was expressed in primordial germ cells (PGCs) of developing mouse embryos and may therefore play a role during germ cell formation. MIWI may be involved in RNA processing or translational regulation, since MIWI was found to possess RNA binding activity. Our data suggest that miwi and mili regulate spermatogenesis and primordial germ cell production. q
Introduction
Germ cells are originated from primordial germ cells (PGC), a small population of cells set aside from other cell lineages very early in embryonic life. In Drosophila, gametes of both sexes are continuously produced from germline stem cells that are the progeny of PGCs (Lin, 1998) . In mammals, the continuous production of male gametes similarly depends on stem cell system. PGCs differentiate into spermatogonia in testis through gonocytes during the development. In adult testis, sperms are produced from spermatogonia through spermaocyte and spermatid. One of the main issues in the study of germline stem cell system is the molecular mechanisms for the ability to selfrenew and the ability to produce numerous differentiated progeny like other stem cell systems such as hematopoietic stem cells and neural stem cells (Weissman, 2000) .
A fundamental question in stem cell biology, whose answer remains elusive, is whether there exists a universal molecular mechanism common to stem cell systems of various organisms or tissues. If so, what are the important mediators (Benfey, 1999; Weissman, 2000) ? The gene family, including piwi, zwille, and argonaute as family members, which is known to be involved in stem cell maintenance and differentiation, is likely a candidate. PIWI is a Drosophila melanogaster protein essential for maintaining germ-line stem cells (Cox et al., 1998 (Cox et al., , 2000 . ZWILLE and ARGONAUTE are expressed in Arabidopsis thaliana and are necessary for meristem cell division (Bohmert et al., 1998; Lynn et al., 1999; Moussian et al., 1998) . PIWI and ZWILLE are involved in soma to germ cell signaling in Drosophila and Arabidopsis, respectively. RNA interference (RNAi) of Caenorhabditis elegans homologues of piwi, prg-1 and prg-2 resulted in depletion of germ line stem cells, indicating that prg-1 and prg-2 may also be involved in stem cell maintenance in nematodes (Cox et al., 1998) . PIWI/ZWILLE homologues have a high degree of sequence similarity in their c-terminal regions; at least fifteen C. elegans genes contain this conserved region. These findings raise the possibility that piwi/zwille homologues are important factors for the maintenance of stem cell systems in diverse species from plants to higher animals, although the molecular functions of these proteins remain largely unknown (Benfey, 1999) . In this study, we cloned mouse homologues of piwi/zwille family genes from the genital ridges of developing embryos and adult testis by degenerative PCR. We obtained two cDNA clones, miwi (mouse piwi) and mili (miwi-like). In the adult, both genes are expressed in testis, although the expression of miwi is greater than that of mili. Interestingly, only mili is expressed in embryonic primordial germ cells (PGCs). These results suggest that mili and miwi play significant and discriminating roles in germ cell production.
Results

Cloning and sequencing of mouse piwi homologues
RNA samples from E12.5 (embryonic day 12.5 after gestation) male and female gonads, and adult testis were used for cloning by RT-PCR. As summarized in Table 1 , all of the analyzed clones were classified into four groups, A-1, A-2, B-1, and B-2. Clones A-1 and A-2 were preferentially amplified with primer set 'A', clone B-1 was amplified with set 'B', and clone B-2 was amplified with both primer sets. Details of primers are described in Section 4. Sequence homology analyses of the amino acids deduced from cDNAs corresponding the~140 amino acids are shown in Fig. 1A and summarized in Table 2 . Clone A-1 is highly homologous with hiwi, a human homologue of piwi gene, and subsequently we named it miwi (mouse piwi). The amino acid sequence homology of clone A-2 with HIWI is significant, but less than that of clone A-1. Thus, we referred to this clone as mili (miwi like). The deduced amino acid sequence of clone B-1 was found to be identical to that of rabbit eukaryotic initiation factor 2C (eIF2C) (Zou et al., 1998) . In addition, clone B-2 was nearly identical to human EIF2C1 (Koesters et al., 1999) , although the homology was lower than with rabbit eIF2C. The homologies within the piwi/zwille family are shown in Fig. 1 . Complete cDNA sequences of miwi and mili were determined by screening a testis cDNA library by hybridization and 5 0 -RACE. As shown in Fig. 2 , MIWI and MILI are 862 and 971 amino acid proteins, respectively, which contain no significant identifiable sequence motifs except Piwi domain and PAZ domain (Cerutti et al., 2000) . The respective identities and similarities between MIWI and MILI are 42 and 63%, between MIWI and PIWI are 37 and 58%, and between MILI and PIWI are 33 and 54%.
Expression of mili and miwi
Northern blot hybridization was carried out using fulllength mili and miwi cDNA as probes to examine their tissue distributions in adult mouse (Fig. 3) . A strong hybridization signal of miwi was detected in adult testis as a single band. Similarly, expression of mili was detectable only in testis. Although there remain faint bands in some lanes of the other tissues even under high stringent condition, RT-PCR analysis confirmed the specific expression of miwi and mili in testis (data not shown).
In order to examine cell-specific expression in testes, in situ hybridization of adult testis was carried out. Both mili and miwi were expressed in spermatocytes at the pachytene phase (Fig. 4A ). Given that piwi functions in both somatic and germ cells, we determined whether the expression of mili and miwi is limited to germ cells or it is also found in Sertoli cells. We carried out Northern blots from testes obtained from normal mice and W/W v mice lacking spermatogenesis capacity as a result of mutations in the c-kit gene (Loveland and Schlatt, 1997) . As shown in Fig. 4B , neither mili nor miwi were detected in the testis of W/W v mice by Northern blot. Thus, mili and miwi expression appears to be restricted to germ lineage cells in mouse adult testis. In addition, mili is likely to be expressed in spermatogonia by morphological examination (arrowhead in Fig. 4A,c) . To further examine this notion, RT-PCR was carried out to detect the minute amount of mili mRNA in the testis of W/W v mice, since a significant number of spermatogonia reside in the testis of W/W v mice (K.Y. and Y.T., unpublished data). As shown in Fig. 4C , mili is detectable in W/W v testis, which suggests that mili is expressed in spermatogonia as well as spermatocytes. Our data on the expression of mili in spermatogonia is consistent with a recent paper on spermatogonia specific gene expression (Wang et al., 2001) .
The expression of mili and miwi genes in gonads during ontogeny was examined by semi-quantitative RT-PCR. In male gonads (Fig. 5A) , mili was expressed from E12.5 until adult. On the other hand, miwi was not expressed in neonate male gonads but began to be expressed 2 weeks after birth, corresponding to the initiation of spermatogenesis. In female gonads (Fig. 5B) , mili was expressed since E12.5 as well, however, the expression began to cease after birth and disappeared until the development of adult ovary. In contrast, miwi was not expressed in female gonads throughout life at all (Fig. 5C ). And no expression of these genes were detected in other organs except gonads (data not shown).
Whole-mount in situ hybridizations of E12.5~14.5 gonads were carried out using mili and miwi sequence- Table 1 Results of RT-PCR cloning: numbers of cDNA's cloned from various sources a Sources of RNA Name of sequences Gonad (male) Gonad (female) Testis
12 (12) 15 ( specific probes in order to examine mili whether expression was detected in PGC or surrounding tissue. Only the antisense mili probe gave striped and dotted signals characteristic of the E14.5 male and female gonads, respectively (Fig.  6A) ; this corresponds to the localization of PGCs in gonads. mili was expressed between E12.5 and 14.5 and its hybridi- zation strength increased with development during gestation (data not shown). However, the antisense miwi probe did not show significant signals in the E12.5~14.5 gonads (data not shown). To confirm the expression of mili in the germ cells, the co-expression of mili mRNA and MVH (mouse vasa homologue) protein, which can be used as a marker of germ cells, in serial sections of E14.5 gonads were examined using in situ hybridization with mili probe and immunohistochemistry with anti-MVH antibody, respectively. As shown in Fig. 6B , the expression of mili mRNA was observed in the cells expressing MVH. Thus, mili is expressed not only in spermatocytes and spermatogonia, but also in primordial germ cells of both sexes. This differential expression may provide clues to the functions of mili and miwi.
Chromosome localization of mili and miwi
Chromosome locations of miwi and mili genes were determined in mouse and rat by fluorescence in situ hybridization (FISH). The miwi and mili genes were localized to chromosome 5 F distal-G2 proximal and chromosome 14 D3 in mouse, and chromosome 12q15-q16.1 proximal and chromosome 15q11 in rat, respectively (Fig. 7) (Evans, 1996; Matsuda et al., 1992; Satoh et al., 1989; Somssich and Hameister, 1996) . Hiwi, a human homologue of miwi was mapped to 12q24.2-12q24.32 (Sharma et al., 2001) , and a human homologue of mili was assigned to 22105K of human chromosome 8p by Blast search of human genome database. Both genes were mapped to the regions of conserved linkage homology among mouse, rat and human (Serikawa et al., 1998) . And these regions are not known to contain genes involved in germ cell development.
Subcellular localization of MILI and MIWI
Subcellular localization of MILI and MIWI were examined by transient transfection of the expression plasmids coding the Myc-tagged MILI and MIWI. As shown in Fig.  8 , both MILI and MIWI were expressed in cytoplasm but were not detectable in nuclei.
RNA binding activity of MIWI protein
PIWI is thought to be involved in the post-transcriptional control of gene expression as will be discussed below. We analyzed the RNA binding activity of its mouse homologues MIWI and MILI. The binding ability of the in vitro translated full-length proteins of MIWI and MILI to ribohomopolymers (RHPs) was assessed under high and low stringencies (0.5 and 0.25 M NaCl, respectively) (Fig.  9A) . Under high stringency, full-length MIWI bound RHPs avidly, with a preference for riboguanine (e.g. 5.7% of input protein bound). However, full-length MILI bound to all four kinds of RHP, albeit very weakly. Next, we determined which part of MIWI bound to riboguanine polymers using various deletion mutants of MIWI. As shown in Fig. 9B , a fragment designated as HN containing amino acids between 541 and 678 of MIWI was necessary and sufficient for the binding. 
Discussion
Both miwi and mili are expressed in mouse adult testis. As well as sharing structural homology, expression of these two murine genes is similar to that of piwi, in that all three are expressed in germ tissue. PIWI is expressed in the nucleus of all germ cells of the ovary and the forming terminal filament, which is a somatic tissue that maintains germ line stem cells in the third instar larval stage, where germ stem cells (GSCs) begin their asymmetric divisions (Cox et al., 1998 (Cox et al., , 2000 . In adult ovaries, PIWI is present in the nuclei of both somatic and germ line cells. PIWI expression was first reported in somatic cells adjacent to germ line stem cells and was essential for ovarian GSC regulation. Recently, however, expression of PIWI in GSCs was found to play a second role as a cell-autonomous promoter of germ line stem cell division. In addition to male germ somatic cells, PIWI is present in the nuclei of GSCs and their immediate daughter cells in testis. However, PIWI expression in germ line is reduced in primary spermatocytes.
Northern blot and in situ hybridization reveal that both miwi and mili are expressed in spermatocytes, which are progeny of mature sperm but do not have self-renewing ability (Fig. 4) . In addition, mili is expressed in male GSCs, spermatogonia. The results of on-going gene targeting experiments should be awaited to nail down the function of mili. However we assume that severe impairment of spermatogenesis could be found in the testes of mili null mice if the gene plays important roles in the maintenance of mammalian GSCs as well as the function of piwi in Drosophila GSCs. Meanwhile, piwi is expressed in GSCs, but not in spermatocytes (Cox et al., 1998 (Cox et al., , 2000 . Moreover, neither miwi nor mili is expressed in somatic cells in testis. It is possible that mouse piwi homologues have different functions in mouse gametogenesis from piwi in Drosophila. In other words, miwi and mili may play unknown roles in male germ cell differentiation; namely, they are not involved in the regulation of germ line stem cells themselves. Different subcellular localization between PIWI and its mouse homologues might support this notion. It is also reasonable to speculate that the expression of miwi and mili in spermatocytes affects spermatogonia, more immature spermatogenic cells, in a kind of paracrine manner, since spermatocytes and spermatogonia are closely located.
Mili expression was found not only in adult testis, but also in gonads of developing mouse embryos (Figs. 4-6) . In situ hybridization of whole-mounts and sections show that expression is restricted to germ cells and was not detected in surrounding somatic cells. It was expressed in not only male but also female gonads. It is rather difficult to conclude which of MILI or MIWI is a real homologue of PIWI, since homology between MIWI and PIWI is similar to that between MILI and PIWI, and since the development of germ cells of mouse is quite different from that of fruit fly (Wylie, 1999) . However, as PIWI is expressed in germ organs of both adults and larvae, expression of mili in developing gonads possibly suggests that MILI might be a real homologue of PIWI.
Subcellular localization analysis of PIWI shows that it is a nucleoplasmic protein (Cox et al., 2000) . This implies two things: PIWI may be involved in post-transcriptional mRNA processing in the nucleus or, alternatively, PIWI may be involved in nuclear functions indirectly related to gene expression. The former possibility may be more likely, considering the functions of other members of the piwi/zwille family. Rabbit eukaryotic initiation factor 2C (eIF2C) is one of the family members. The protein fraction that includes eIFC2 stabilizes the ternary complex of Met-tRNA, GTP and eIF2 in the presence of mRNA (Zou et al., 1998) . Recently, another new member, rde-1, was reported and is involved in RNA-mediated interference (RNAi) (Tabara et al., 1999) . Still another family member, sting/aubergine of Drosophila melanogaster is postulated to interfere with the 3 0 UTR of oskar (Schmidt et al., 1999; Wilson et al., 1996) . PIWI is evidently localized in nucleus, but MILI and MIWI proteins are localized in cytoplasm (Fig. 8) . Although our data is derived from the analysis of the transient expression of the Myc-tagged proteins in fibroblasts, immunostaining has revealed that the subcellular localization of authentic MIWI in spermatocytes is also restricted in cytoplasm (Lin et al., personal communication) . These data suggest that the proteins are involved in post-transcriptional regulation of mRNA in cytoplasm. Although circumstantial, these data raise the possibility that some of the family members may be involved in RNA post-transcriptional processing or translational regulation. Based on the notion that MIWI or MILI may be involved in RNA processing, the RNA biding activity of these proteins was analyzed. Full length MIWI protein was bound to riboguanine polymers avidly under high stringency and a fragment spanning amino acids between 541 and 678 was responsible for the binding (Fig. 9) . Cerutti et al. (2000) advocate that family protein of PIWI commonly possess Piwi domain that is a 300-amino-acid domain containing an~40 amino-acid Piwi box in the middle of the domain (Fig. 2) . The Nterminus of Piwi domain of MIWI is indispensable for its RNA binding activity as shown in this report. The region of C-terminus of Piwi domain was reported to be essential for PIWI function and its function might be the stabilization of the protein (Cox et al., 2000) .
Taken together, overall structure of Piwi domain would be necessary for the full function of MIWI. We could not detect RNA binding activity of MILI. Function may be different between MIWI and MILI, like their different expression patterns. However, we cannot exclude the possibility of the RNA binding activity of MILI, since we examined the 
Experimental procedures
4.1. Isolation, sequence analysis and expression of mouse piwi homologues PCR primers used in this experiment were expected to amplify a cDNA encoding a protein of approximately 140 amino acids containing a well-conserved 'PIWI-box' in the middle of the sequence of PIWI family proteins (Cox et al., 1998) . A pair of degenerative oligonucleotide primers for RT-PCR corresponding to the two conserved amino acid sequences (primer set designated 'A'), YRDGV (5 0 -GGA- RNA was prepared from gonad at embryonic day 12.5 (E12.5) and adult testis using Rneasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions and was subjected to RT-PCR with the above-stated primer pairs. PCR conditions consisted of 40 cycles of 958C for 30 s, 578C for 30 s and 728C for 30 s. PCR products of the expected size (~430 bp) were digested with EcoRI and SalI, cloned into the corresponding restriction enzyme sites of pBluescript. Inserts of 10-20 plasmids from each tissue sample were sequenced. Four cDNA inserts were identified and two of them (named miwi and mili as described in Section 2) were used to clone full length cDNA using a mouse adult testis cDNA library derived from C57BL/6 mice (Tanaka et al., 1994) . 5 0 -rapid amplification of cDNA ends (5 0 -RACE) was performed to obtain the 5 0 end of mili cDNA, as most of the cloned cDNA from the library was truncated at the 5 0 end. A full-length miwi and mili cDNA was inserted into eukaryotic expression vectors pcDNA4/Myc-His (Invitrogen, Carlsbad). 
Northern hybridization, RT-PCR, in situ hybridization, and immunohistochemical analysis
Total cellular RNA was isolated with the Rneasy Mini Kit (Qiagen, Valencia, CA). Ten micrograms of total RNA from each of various tissues were subjected to Northern blot analysis. Full-length cDNA of miwi and mili was radiolabeled using the BcaBest Labeling Kit (Takara, Kusatsu, Japan) and used as probes. Northern hybridizations were performed as described (Kimura et al., 1999) .
For RT-PCR, 0.4 mg of total RNA was used for cDNA synthesis using random hexamers for the first-strand synthesis (Thermoscript RT-PCR system, Gibco-BRL, Tokyo Japan). The following PCR primer pairs were used for amplification of mili and miwi (mili forward: TGGTACTC-GAGGGTGG, mili reverse: AGGGCTCAGATTTGCAG, miwi forward: ATGATCGTGGGCATC, miwi reverse: AGGCCACTGCTGTCATA). Control PCR amplification reactions were performed using primers for elongation factor-1 beta homologue cDNA (forward: TTACCTGGCG-GACAAGAGCT, reverse: CCAATTTAGAGGAGCCC-CACA), whose expression dose not change during embryogenesis (data unpublished).
The PCR products of~430 bp were used to prepare the sense and antisense cRNA probes for in situ hybridization. Digoxigenin-11-UTP-labeled cRNA probes were prepared using a DIG RNA labeling Kit (Boehringer Mannheim, Mannheim, Germany) following the manufacturer's recommendation. Testes were fixed in 4% paraformaldehyde and embedded in the methyl methacrylate (MMA) resin. The sections (4 mm) were collected on a Superfrost microslide glass with APS coating (Matsunami Glass, Osaka, Japan). The sections were removed MMA resin and rinsed in alcohol and washed in phosphate buffered saline (PBS). In situ hybridization was performed as described (Wilkinson, 1992) . Serial sections were cut from samples of wholemount in situ hybridization. Detection of the MVH protein was carried out with an anti-MVH polyclonal antibody (Toyooka et al., 2000) in conjunction with an Alexa488-conjugated ant-rabbit IgG (H 1 L) secondary antibody (Molecular Probes, Oregon, OR).
Chromosome preparation and chromosome in situ hybridization
Direct R banding FISH (fluorescence in situ hybridization) was used to determine the chromosomal localization of the miwi and mili genes on mouse and rat chromosomes. Preparation of R-banded chromosomes and FISH were as described previously (Matsuda and Chapman, 1995) . Miwi and mili cDNA fragments inserted in pBluescript were labeled by nick-translation with biotin 16-dUTP (Boehringer Mannheim, Mannheim, Germany). The hybridized biotinylated probes were incubated with goat anti-biotin antibody (Vector Laboratories) and stained with Cy2-labeled donkey anti-goat IgG (Amersham Pharmacia Biotech, UK).
Subcellular localization of MIWI and MILI
293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum. Cells were seeded on glass coverslips and each plasmid were transfected into 293T cells by calcium phosphate methods (Chen and Okayama, 1987) . Twenty-four hours after transfection, cells adherent to the coverslip were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS), permealized with 0.2% Triton X-100/PBS for 7 min and blocked in 1% BSA in PBS. Anti-c-Myc antibody (9E10) (Santa Cruz Biotechnology, Santa Cruz, CA) was applied and incubated for 1 h. After washing with PBS, cells were incubated with TRITC-conjugated rabbit antimouse Ig (DAKO A/S, Denmark) and DAPI.
Ribohomopolymer (RHP) binding assay
RHP binding assays were performed as described (Akamatsu et al., 1999) . Full length and truncated forms of MILI and MIWI proteins were produced using an in vitro translation kit (Promega, Madison, WI). Deletion mutants of MIWI were produced using appropriate restriction enzymes shown in Fig. 9B and the amino acids in each deletion mutant is also shown.
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S-Met labeled proteins were incubated with RHP beads (Sigma, St Louis, MO) in RHPA buffer (10 mM Tris-HCl, pH 7.4/2.5 mM MgCl 2 / 0.5% Triton X-100) with the indicated NaCl concentration along with 1 mg/ml heparin in a volume of 500 ml. Binding was carried out at 48C for 15 min. The beads were pelleted and washed four times in RHPA buffer of the indicated NaCl concentration, boiled in SDS buffer, and run on SDS-PAGE. The gels were exposed with Imaging Plate and analyzed using the BAS-2000 imaging system. These assays were sufficient to detect the binding of as little as 2-5% of input protein.
